A magnetic filter system has been constructed, and its performance has been investigated, to measure the magnetic property of monodisperse γ -Fe 2 O 3 particles in the size range from 100 to 300 nm. In the system, SS 430 screens are placed in the magnetic filter element and exposed to a strong external magnetic field generated by an electric coil. The high magnetic field gradient resulted from magnetized fine wires enhances the collection of magnetic particles in addition to the particle collection via the diffusion mechanism. The particle concentrations at the upstream and downstream of the magnetic filter element were measured by an Ultrafine Condensation Particle Counter (UCPC, TSI model 3025A). Particle penetration obtained in the experiment is a function of particle size, particle magnetic property, and wire magnetization. To retrieve the magnetic property of characterized particles from the measured penetration data, a numerical model was further developed using the finite element package COMSOL Multiphysics 3.5. In this modeling, a single mesh screen is assumed to be represented by unit cells. The flow, the magnetic fields, and particle trajectory were solved in a unit cell. The relationship between particle penetration and magnetic property can then be obtained via this model for the given particle size, aerosol flowrate, and external magnetic field strength. The numerical model was first validated by comparing the experimental penetration with the simulation results for the case of 100, 150, and 250 nm γ -Fe 2 O 3 particles having the magnetic susceptibility characterized by Vibrating Sample Magnetometer (VSM). The magnetic susceptibilities of other sizes from 100 to 300 nm were then derived from this model according to the measured penetration data.
INTRODUCTION
Magnetic particles are of great interest in fundamental research and industrial applications. They are used in a wide range of applications in catalysis (Noronha et al. 1997) , magnetocooling (Roy et al. 1993) , recording devices (Prinz 1998) , purification of enzymes and other biotical substances (Airapetyan et al. 2001) , as well as water purification devices (Kobe et al. 2001) . Many medical applications need submicron-and nanometer-sized magnetic particles (Häfeli et al. 1999) for drug delivery via biocompatible magnetic substances, cell separation, hyperthermia, cancer therapy, and aneurysm treatment, to name just a few examples. Fine particles can also display different forms of magnetism: ferromagnetism, ferrimagnetism, paramagnetism, diamagnetism, and superparamagnetism, distinguished by the influence of the external magnetic field on their magnetic moment, which also depends on the raw material and the generation conditions. Additionally, in the size range from submicrometer down to nanometer, the magnetic properties change very strongly with particle diameter. One of the main characteristics of magnetic particles is their magnetic moment. Hence, the determination of the particles' magnetic moment is an important problem of interest to both scientific and engineering efforts.
The vibrating sample magnetometer (VSM) is a widely used instrument for determining the magnetic properties of a large variety of materials since its invention by Foner (1959) . The superconducting quantum interference device (SQUID) can be configured as a magnetometer to detect extremely small magnetic fields from magnetic particles (Clarke 1994) . Recently, the magnetic moment per unit mass of magnetic nanoparticles was found by using an atomic force microscope (AFM) (Park et al. 2008) . All these method are used for off-line analysis, which means it takes significant time to collect sufficient samples before the measurements can be performed.
An absolute on-line magnetic moment measurement of iron particles, synthesized by aerosol methods ranging in size from 40 to 170 nm, was introduced by Kauffeldt et al. (1996) . This method uses a set of Ni screens in the form of wire mesh to establish a high-gradient magnetic field for removing nanometersized magnetic particles from their carry gas stream. The highgradient magnetic separation (HGMS) is in fact widely used 328 L. LI ET AL. in the treatment of biological fluids, of industrial fluids, and of wastewater (Rembaum et al. 1982; Miltenyi et al. 1990; Moeser et al. 2002; Bucak et al. 2003; Chen et al. 2007a; Anand 1985; Shaikh and Dixit 1992; Nedelcu and Watson 2002; Newns and Pascoe 2002; Karapinar 2003) . Significant effort has been made to model the performance of magnetic filters since the introduction of HGMS. To simplify the geometrical complexity in magnetic filtration systems, the particle trajectory models, which calculate the influence of various forces on the interaction between a single particle and a single wire collector, have been used to predict the effect of key design factors on the capture cross section for a clean magnetic filter (Watson 1973; Lawson et al. 1977; Gerber and Birss 1983; Ying et al. 2000; Ebner and Ritter 2001; Chen et al. 2007b) . Particle trajectory models were developed to retrieve the magnetic moment of particles from the measured penetration difference between the case that applied an external magnetic field and the case that did not (Kauffeldt et al. 1996; Zarutskaya and Shapiro 2000) . These models made two assumptions: (1) it was assumed that the particle magnetic moment is independent of the external magnetic field applied; (2) the combined effect of the Brownian motion and particle rotation on the particle capture efficiency did not exceed more than a few percent. Accordingly, in modeling the magnetically assisted capture, the particles may be effectively assumed to be diffusionless and to have their magnetic moment vectors oriented along the local magnetic field. However, these models have not been experimentally validated prior to their use. Because the actual magnetic property of the testing particles used in the experiment was not characterized by other reference methods (for example, VSM or AFM), nor was it compared with the property obtained via the models themselves. Further, these models did not consider the effect of flow and magnetic field variation due to the presence of adjacent wires, although in reality the magnetic filter is constructed by well-defined mesh screens.
In this study, a magnetic filter consisting of ten SS 430 screens with 200 mesh was designed and tested using monodisperse γ -Fe 2 O 3 particles ranging in size from 100 to 300 nm at different flow rates. To obtain the particles' magnetic susceptibility, we developed a particle trajectory model to describe the behavior and collection of magnetic particles from carry gas in the magnetic filter. To validate the proposed model, we compared the magnetic susceptibility of particles obtained from the proposed model to that obtained from VSM. Further, the effects of filtration operation conditions and particle diameters on their behavior and magnetic capture efficiency were numerically investigated. Figure 1 shows the schematic diagram of the studied magnetic filter system, in which a set of parallel screens were used as the filtration element, similar to that used in a screen-type dif- fusion battery (Cheng and Yeh 1980) . The metal mesh screens were made of SS 430 magnetic wires. The carrier gas loaded with magnetic particles flowed through the filter element in the direction perpendicular to the screens. The screens were then magnetized by an external magnetic field, also in the direction perpendicular to the screens. The external magnetic field was generated by an electric coil wound around the case of the filter element holder. With the system configuration, the deposition of particles in the magnetic filter element is governed by the magnetic force experienced by particles when moving nearby the magnetized wires of the screens. The magnetic force experienced by particles is, in general, a function of the particle size, particle magnetic property, and wire magnetization. Figure 2 shows the experimental setup for the penetration measurement of the magnetic filter element. Magnetic γ -Fe 2 O 3 particles (Sigma-Aldrich 544884) were aerosolized with a home-made Collison atomizer (Liu and Piu 1974) . The output flow rate from the atomizer was 4.0 lpm at 2.07*10 5 Pa for inlet air pressure. Droplets produced by the atomizer were passed first through a Po 210 radioactive neutralizer to minimize the electrical charges on the particles, and then through a diffusion dryer with silicone gel as the desiccant to remove the solvent in the droplets.
DESIGN AND EVALUATION OF MAGNETIC FILTER SYSTEM
A differential mobility analyzer (DMA, TSI Model 3081) was used in the downstream of the above-described polydisperse aerosol generation system to classify monodisperse particles ranging in size from 100 to 300 nm. A Kr 85 radioactive particle charger was used to place a well-defined charge distribution on polydisperse particles prior to the introduction of the DMA. The DMA was operated at an aerosol flowrate of 1.5 lpm and a sheath flowrate of 10.0 lpm. Since the particles exiting from the DMA are electrically charged, a Po 210 neutralizer and an electrostatic precipitator were utilized at the DMA exit to obtain electrically neutral particles for testing. The total flowrate through the magnetic filter element was controlled by both the pump of an Ultrafine Condensation Particle Counter (UCPC, TSI model 3025A), operated at a flow rate of 1.5 lpm, and a separate vacuum pump with a needle valve to adjust the desired flowrate. The aerosol stream from the three way valve to the UCPC was equally separated into two pathways: one with the magnetic filter and one without. The tubing length of each pathway was about 20 cm. The particle number concentrations up-and down-stream of the magnetic filter were measured by UCPC. The particle penetration P through the magnetic filter with the element was then obtained by a ratio of the particle downstream concentration N dn to the upstream one N up :
Note that, in our experiment, the upstream concentrations of monodisperse test particles were kept on the order of 10 3 ∼10 4 #/cm 3 . Particle coagulation can thus be neglected during the transportation. The transmission efficiency of the filter holder (i.e., no filter element installed), defined as the ratio of down-and up-stream concentrations, was also measured and the values at different sizes were about 98% or higher. The particle transport loss in the duct wall is also negligible in the prototype.
MODELING OF MAGNETIC FILTER ELEMENT
The measured penetration P through the studied magnetic filter element, which is a function of particle size, particle magnetic property, and wire magnetization, could be predicted by calculating the fate of individual particles, and hence the capture of particles in the magnetic filter element. To determine the particle fate in the filter element, the flow and magnetic fields must be first calculated. 
Calculation of Flow and Magnetic Fields
The finite element package COMSOL Multiphysics 3.5 was used to numerically solve the flow and magnetic fields in the magnetic filter element. To reduce the geometrical complexity of the filter element, we assume that a single metal screen can be represented by the replica of unit cells, as shown in Figure  3 . According to the SEM micrograph, the wire diameter and spacing for the single 200 mesh SS 430 screen are about 40.5 and 86.5 µm, respectively. A wire cross with the diameter D w of 41 µm was used in a standard cell. Since the spacing between the two adjacent mesh screens in the filter element was set at 0.5 mm, the volume of the unit cell was set at 130*130*550 µm 3 .
The flow field in the unit cell was calculated by solving the continuity and 3D Navier-Stokes equations with the assumption of incompressible fluid having density ρ and viscosity η:
The inlet flow velocity was assumed constant, uniform and equal to the face velocity u ∞ of the filter element, entering the cell in the x-direction. No slip boundary condition was applied at the wire surface. Symmetric boundary conditions were applied to the surrounding boundaries due to the replica of unit cells. A typical example of the calculated flow field in a unit cell is given in Figure 4a . The magnetic force upon magnetic particles was determined by evaluating the magnetic field H in the unit cell. To calculate the magnetic field in a unit cell, the computational domain was divided into two regions with very distinct magnetic behaviors. One is the non-magnetizable region, which is unoccupied by the wires, and the other is the magnetized region occupied by the wires. The Maxwell equations for conservative magnetic fields were used within these two regions:
where ϕ i and ϕ e are the scalar magnetic potentials for wireoccupied and non-magnetizable regions, respectively, and are related to the magnetic field strengths H i and H e according to
[7]
Considering the demagnetization factor, when the applied magnetic field H 0 measured by AlphaLab DC magnetometer is perpendicular to the wire principle axis, the internal magnetic field H i could be expressed as (Watson 1978) :
where µ 0 is the magnetic permeability of free space. The magnetic induction B is then expressed as
where M f is the wire magnetization measured by VSM as a function of the external magnetic field. In our study the wire magnetization are 83.6 and 160.8 kA/m at the external magnetic field of 20 and 40 kA/m, respectively. At the wire surface, the continuities of magnetic potentials (i.e., ϕ i and ϕ e ) and normal magnetic fluxes (i.e., B i and B e ) in wire-occupied and un-magnetizable regions were applied. The symmetric boundary condition was applied to the surrounding boundary due to cell replication. Figure 4b shows a typical example of the normal magnetic field in a unit cell.
Calculation of Individual Particle Trajectories
Particle penetration through a unit cell can be calculated by indentifying the limiting trajectory of approaching particles, which can be divided into those that end by colliding on the wire cross surface and those that simply pass the wire cross surface. The above modeling idea is illustrated in Figure 5a . The following assumptions were used to calculate of individual particle trajectory:
1. According to the previous study of Zarutskaya and Shapiro (2000) , particles are spherical in shape, and their rotational effects are negligible. Particles' magnetic susceptibility is assumed to be constant, and their magnetic moments are assumed to be oriented in the direction of the magnetic field. 2. Under a low Reynolds number flow system, the particle trajectory can be calculated by the force balance equation, including gravitational ( F g ), magnetic ( F m ), drag ( F d ), and random ( F br ) forces. 3. No particle re-entrainment occurs, and deposited particles do not significantly alter the flow and magnetic fields in the unit cell.
The trajectory of a submicron particle moving in a gas with velocity v under the action of gravitational, magnetic, drag, and random forces is determined by the force balance equations based on the Newton's second law.
Particle drag force F d is expressed as
Here, m p is the particle mass; t the time variable; u the flow velocity vector; and f the particle friction coefficient given by the Stokes law as f = 3πµd p /C (Friedlander 2000) , where C is the Cunningham slip correction factor, expressed as
where λ is the mean free path.
Because of the small size of particles, the magnetic field in the particle is assumed to be approximately uniform. Further, the magnetic interaction between particles is neglected due to the low concentration of testing particles. The following expression was then used to evaluate the magnetic force F m on a magnetic particle:
where µ 0 is the magnetic permeability of free space, H the magnetic field strength, and M the particle magnetic moment, whose scale is related to the magnetization of particle by
where χ is the particle magnetic susceptibility, and V p the particle volume (O'Handley 2000) . In Brownian motion, a particle at time t and position p will make a random displacement r from its previous point with regard to time and position. The resulting distribution of r is expected to be (1) Gaussian (normal with a mean of zero and a standard deviation of one), (2) to be independent, and (3) have a root mean square displacement of √ 2Dt in its x, y, and z coordinates. The random displacement r in one coordinate can be calculated as
where ξ is a random number. The trajectory for a given particle was determined by solving Equation (10) using the Runge-Kutta method of the 4th order. As shown in Figure 5b , the uniform particle concentration profile was assumed at the cell entrance, which was divided into 130*130 squares. A single particle was released from the center of each square up to 100 times. The cell collection efficiency E c is the ratio of the number of particles N captured by the wire cross to the number of particles N 0 entering the cell:
Since cell efficiency represents the presence of a single mesh screen, the overall penetration P through n screens can then be calculated by (Brown 1993) :
[17]
As a summary of all the modeled cases, the values and dimensions of the parameters used in our numerical study are given in Table 1 .
MODEL VALIDATION AND ANALYSIS
To verify the numerical model, we first compared the calculated penetration with the experimental one for the case of potassium chloride, KCl, particles, in which the particle magnetic force is negligible. Figure 6 compares of the calculated and the experimental penetrations through the magnetic filter element at different carry gas flowrates for KCl particles ranging in size from 50 to 300 nm. The error bar of the experimental data represents the flow fluctuation of UCPC. Good agreement between numerical and experimental penetration data was obtained in the studied size range. For the case of 50 nm particles, the calculated penetration is slightly higher than the experimental. It may be attributed to the pre-set time step for the particle trajectory calculation. The pre-set time step for marching a particle in the unit cell may be large enough that particle collection on the wire cross may be underestimated due to the particle diffusion process.
Prior to the validation of our numerical model, we measured the magnetic susceptibility of 100, 150, and 250 nm γ -Fe 2 O 3 particles by VSM. Monodisperse γ -Fe 2 O 3 particles classified by the DMA (TSI model 3081) were collected using an electrostatic precipitator. particles. The classified particles are nearly spherical in shape. Collected particles were then filled in a small sealed glass tube for the VSM characterization. Figure 8 shows the magnetization curves of 100, 150, and 250 nm γ -Fe 2 O 3 particles obtained by VSM. The magnetic susceptibility is defined as the slope of the initial magnetization curve as a function of magnetic field strength.
To verify our numerical model including magnetic force we compared numerical penetration with experimental data through (Figure 9 ). The numerical penetration was calculated using the proposed model base on the measured magnetic susceptibility data by VSM. We found that particle penetration increases with an increase in aerosol flow velocity, and decreases with an increase in external magnetic field strength and particle size. The good agreement between the calculated and the experimental penetrations validates our numerical model. In general, the discrepancy between the experimental and the calculated penetration is less than 10%.
With this model, the particle penetration curves through the magnetic filter element as a function of magnetic susceptibility were first calculated for γ -Fe 2 O 3 particles in size ranging from 100 to 300 nm at different flowrates and in the external magnetic fields of 20 and 40 kA/m. From the above-calculated curves, the correlated particle magnetic susceptibility was then retrieved from the measured particle penetration data. The derived magnetic susceptibility of studied γ -Fe 2 O 3 particles as a function of particle size is shown in Figure 10 . For comparison, the magnetic susceptibility data of 100, 150, and 250 nm γ -Fe 2 O 3 particles measured by VSM were also included in the figure. Based on the calculated curve, the error bar of the given magnetic susceptibility data was determined from that of the penetration data taking into account of the UCPC flow fluctuation. Generally, the derived magnetic susceptibility of γ -Fe 2 O 3 particles is in the same order of magnitude. However, a slight difference between the external magnetic field of 20 kA/m and the external magnetic field 40 kA/m were observed, especially in the smaller particle sizes. Note that the particle magnetic susceptibility χ was assumed constant in our model even though particles may experience different magnetic field strengths in the particle trajectory calculation. For ferrimagnetic materials, the theoretical relationship between magnetization and magnetic field strength is not linear (as the magnetization curve shown in Figure 8 for 100 nm γ -Fe 2 O 3 particles), indicating that magnetic susceptibility is a function of magnetic field strength. It may be why a small deviation is observed between the two different magnetic field strengths.
A gradual decrease of the magnetic susceptibility of studied γ -Fe 2 O 3 particles with increasing particle size is also observed in Figure 10 , which shows that particle magnetic susceptibility has a minor dependence on size. But the variation of magnetic susceptibility for γ -Fe 2 O 3 particles in general remains small in the studied size range.
CONCLUSION
A magnetic filter system has been constructed and its performance has been evaluated to measure particles' magnetic property by using monodisperse γ -Fe 2 O 3 particles ranging in size from 100 to 300 nm. In the system, SS 430 screens were placed in the magnetic filter element and exposed to an external magnetic field generated by an electric coil. Under the exposure of an external magnetic field, mesh screens were then magnetized and the high magnetic field gradient created by magnetized wires facilitated the collection of magnetic particles when they were passed through the filter element. The particle concentrations at the upstream and the downstream of the magnetic filter element were measured by an UCPC. Particle penetration obtained in the experiment was found to be a function of particle size, particle magnetic property and wire magnetization in general. In this study, a numerical model was also developed via the finite element package COMSOL Multiphysics 3.5. In the modeling, a single mesh screen is represented by an assembly of unit cells. The model then solved the flow, the magnetic fields, and the particle trajectory in a representative unit cell. The relationship between the particle penetration and the magnetic property for a given particle size, aerosol flowrate, and external magnetic field was obtained by the model. The numerical model was validated by comparing the calculated penetration with the experimental data, the former being calculated with the measured magnetic susceptibility of 100, 150, and 250 nm γ -Fe 2 O 3 particles via VSM. The magnetic susceptibilities of other sizes from 100 to 300 nm were also obtained by this model, according to the measured penetration data. In general, the magnetic susceptibility of γ -Fe 2 O 3 particles is in the same order of magnitude. We observed that particle magnetic susceptibility has a minor dependence on the particle size and applied external magnetic field strength. The lowest detection limit of particle magnetic susceptibility for our magnetic filter system is on the order of 10 -4 based on the model calculation. For particles with magnetic susceptibility lower than 10 -4 , the resultant magnetic force is so small that it could not enhance the particle trapping in the filter element when compared with the trapping by diffusion. Note that the lower detection limits of the studied system can be further extended by optimizing the filter system by, for example, using the higher external magnetic field strength, using mesh screens with stronger magnetic property and finer meshes, and so on. This optimization happens because the magnetic force experienced by magnetic particles is also a function of external magnetic field strength and magnetic field gradient.
